Switching of Magnetic Moments of Nanoparticles by Surface Acoustic Waves by Tejada, J. et al.
Switching of Magnetic Moments of Nanoparticles by Surface Acoustic Waves
J. Tejada,1 E. M. Chudnovsky,2,3 R. Zarzuela,4 N. Statuto,1
J. Calvo-de la Rosa,1 P. V. Santos5 and A. Hernández-Mínguez5
1Departament de Física de la Matèria Condensada, Facultat de Física,
Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain
2Department of Physics and Astronomy, Lehman College of the City University of New York,
250 Bedford Park Boulevard West, Bronx, NY 10468-1589, USA
3Graduate School of the City University of New York, 365 Fifth Ave, New York, NY 10016, USA
4Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
5Paul-Drude-Institut für Festkörpelektronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany
We report evidence of the magnetization reversal in nanoparticles by surface acoustic waves
(SAWs). The experimental system consists of isolated magnetite nanoparticles dispersed on a piezo-
electric substrate. Magnetic relaxation from a saturated state becomes significantly enhanced in the
presence of the SAW at a constant temperature of the substrate. The dependence of the relaxation
on SAW power and frequency has been investigated. The effect is explained by the effective ac
magnetic field generated by the SAW in the nanoparticles.
I. INTRODUCTION
The recent years have witnessed a growing interest in
the development of new schemes for the manipulation of
magnetic moments. In this regard surface acoustic waves
(SAWs) are well suited to trigger magnetic excitations in
a local and selective manner. For instance, magnetiza-
tion dynamics due to SAW-induced magnetostriction in a
ferromagnetic layer have been previously explored;1–6 the
effect comes from the change in the magnetic anisotropy
generated by the elastic strain induced by the SAW. Typ-
ical SAWs used in such experiments have frequencies in
the ballpark of hundreds of MHz, and therefore the thick-
ness of the ferromagnetic layer is large compared to the
SAW wavelength λSAW. More recently, SAW-assisted
magnetization switching from the single domain to the
vortex state has been reported in mesoscopic Co ellip-
tical disks lithographically patterned on a piezoelectric
substrate.7
In this paper we investigate the possibility of switch-
ing magnetic moments of nanoparticles by SAWs. We
find that an array of isolated magnetite nanoparticles dis-
persed on a substrate exhibits a significantly faster mag-
netic relaxation when subjected to a SAW. No tempera-
ture change in the substrate has been detected, thus rul-
ing out the heating of the substrate by the SAW. On gen-
eral grounds two mechanisms are expected to be respon-
sible for these switching effects: i) magnetostriction on
the magnetization due to the effect of the tensile stress on
the magnetic anisotropy tensor and ii) the spin-rotation
switching mechanism, which arises as a manifestation of
the Einstein–de Haas effect at the nanoscale.8,9 The lat-
ter has been studied in the past in application to mag-
netic microcantilevers10–14 and molecules sandwiched be-
tween conducting leads.15 More recently it was proposed
for the enhancement of the magnetization reversal by spin
polarized currents16 and for achieving magnetization re-
versal by a pulse of the electric field in a torsional can-
tilever made of a multiferroic material.17
We argue that field-induced magnetostriction can be
discarded as the underlying mechanism for the observed
effect: in contrast to ferromagnetic layers, the dis-
persed nanoparticles have a small contact area with
the substrate—see e.g. Ref. 18. The strain within
the nanoparticle depends on the adhesion forces as well
as on its mass and elastic properties, but the magne-
toelastic coupling should be weak. In addition, the
nanoparticles studied by us are very small compared to
λSAW, and have, consequently, elastic resonance frequen-
cies much higher than the SAW frequency. Finally, the
quadratic dependence of the magnetization reversal on
the SAW frequency—see Section IV—makes the spin-
rotation switching mechanism contribute dominantly
within our experimental frequency range —hundreds of
MHz.19 As a result, the nanoparticles will be displaced
and rotated—rather than be just internally deformed by
the SAW—, which leads to the generation of an effective
ac magnetic field in the coordinate frame of the parti-
cle due to its local rotation.20 Non-resonant absorption
of the energy of this effective ac field by the particles is
responsible for the enhanced magnetic relaxation. In ret-
rospect, this mechanism may also be responsible for the
spin dynamics generated by SAW in manganites21 and
molecular magnets.22
Theoretical works mentioned above deal with the me-
chanical oscillations at frequencies comparable to the fre-
quency of the ferromagnetic resonance (FMR). It is well
known—see, e.g., Refs. 23,24 and references therein—
that the ac magnetic field of such frequency and a few Oe
amplitude can reverse the magnetic moment via pumping
of energy and angular momentum into the ferromagnetic
system. Here we study SAW frequencies that are signif-
icantly lower than the FMR frequency of the nanopar-
ticles. Nevertheless, as our experiments show and our
theoretical analysis confirms, such SAWs are as effective
in reversing magnetic moments of the nanoparticles.
The paper is structured as follows. Magnetic nanopar-
ticles used in the experiment and the experimental setup
are discussed in Section II. Magnetic data are shown in
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2Section III. Theoretical model and analysis of the data
are presented in Sections IV and V, respectively. Sec-
tion VI contains some final remarks and suggestions for
further studies and possible applications.
II. EXPERIMENT
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Figure 1: TEM histogram of 1050 nanoparticles by number
(black dots) and Gaussian fitting of the size distribution (red
line). The corresponding values of the mean and standard
deviation are µ = 13 nm and σ = 4.5 nm, respectively.
Magnetite nanoparticles (NPs) were synthesized via a
procedure based on thermal decomposition of iron oleate
at high temperatures in a high-boiling point organic
solvent.25 This process started with the dissolution of
a given amount of iron oleate in a given amount of sol-
vent (long-chain hydrocarbon or amine). The resulting
solution was heated up to a reaction temperature close
to the boiling point of the solvent. After a given time at
the reaction temperature, the solution was cooled down
to room temperature. Transmission electron microscopy
(TEM) images of the solution demonstrated the forma-
tion of (quasi-)spherical and triangular particles. The av-
erage size of the ribbon-shaped particles was calculated
statistically from several TEM images by measuring the
diameter of 1050 particles of the same sample, see Fig. 1.
The calculated mean size was 13 nm. Magnetite pow-
der was obtained by precipitation and separation from
the solvent: 1 ml of the colloidal dispersion of NPs was
dissolved in 30 ml of acetone, shaken, and centrifuged
at 4000 rpm for 20 minutes. The supernatant was dis-
carded and the precipitate containing the NPs was kept.
The chemical composition, Fe3O4, was deduced from X-
Ray powder diffraction (XRD) measurements, see Fig. 2.
Narrow diffraction lines indicate high crystallinity of the
particles.
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Figure 2: X-ray difractogram of synthesized nanoparticles.
Miller indices of magnetite are indicated for the main peaks.
NPs have been deposited on a LiNbO3, 128◦ Y-cut,
substrate, see Fig. 3. SAWs were generated by means of
hybrid piezoelectric interdigital transducers (IDT) pat-
terned on the same substrate. The spacing between the
fingers was chosen to generate resonances with funda-
mental frequency f0 = 111 MHz. Microwave excitation
of the fundamental IDT resonance at f0 = 111 MHz and
of its harmonic at 3f0 = 333 MHz was achieved with
the help of a commercial Agilent signal generator able
to generate frequencies in the range from 250 kHz to 4
GHz. An Agilent network analyzer (PNA) was used to
measure the reflection coefficient S11 of the sample.
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Figure 3: Experimental setup.
III. MAGNETIC MEASUREMENTS
Magnetic measurements were conducted inside a com-
mercial rf-SQUID Quantum Design magnetometer by
first saturating the sample of NPs in a positive magnetic
field—oriented along the SAW propagation direction—
3of up to 5 kOe and then reducing the magnetic field to
zero, reversing it, and increasing the field in the oppo-
site direction up to −50 Oe. Then magnetization of the
sample was measured. This protocol was repeated at
all temperatures (2 K – 40 K) in the absence and in
the presence of a SAW, with a low-temperature stabil-
ity better than 0.01 K and a magnetization sensitivity in
the range of 10−8 emu.26 Simultaneously, the frequency
dependence of the reflection coefficient S11 and of the
magnetization of the NPs have been measured. Experi-
ments with SAWs have been carried out at two available
resonant frequencies, f0 and 3f0—the second harmonic
was strongly suppressed. Fig. 4 shows the dependence
of the corresponding magnetization jumps on the power
of SAWs within the temperature range 7.5 K – 22 K at
these resonant frequencies. An analogous experimental
protocol was followed along the ascending branch of the
hysteresis cycle. Symmetric values of the magnetization
were obtained at all temperatures in the absence and in
the presence of a SAW. Field cooled (FC) and zero-field
cooled (ZFC) magnetization curves were also measured
in the interval 9 K – 300 K at different applied magnetic
fields along with isothermal magnetic relaxations along
the descending branch from the saturation state, see Fig.
5. The effect of the SAWs on these measurements was to
decrease the magnetization along the ZFC curve and to
accelerate the relaxation dynamics.
The temperature of the system was measured with the
SQUID thermometer. The temperature of the substrate
was also independently measured by a resistive element
attached to the substrate. Within their sensitivity lim-
its, no heating of the substrate was observed when the
SAW was applied. The reading of both thermometers
coincided and remained constant in all individual mea-
surements.
IV. EFFECT OF SAW ON MAGNETIC
RELAXATION OF NPS
The magnetic moment of a superparamagnetic parti-
cle of volume V and magnetic anisotropy energy den-
sity K switches due to thermal fluctuations at the rate
1/τ = (1/τ0) exp [−KV /(kBT )], where τ0 is the attempt
time that is typically in the nanosecond range. The imag-
inary part of the ac susceptibility associated with these
superparamagnetic transitions is given by
χ′′ = χ0
ωτ
1 + (ωτ)2
, (1)
where χ0 = M2s V /3kBT is the static equilibrium mag-
netic susceptibility, with Ms being the saturation mag-
netization. Note that χ′′ peaks at ω = 2pif = 1/τ .
For a nanomagnet rigidly adhered to a solid surface
and subjected to SAWs the switching of the magneti-
zation occurs in the coordinate frame coupled to the
anisotropy axes of the magnet. SAWs generate rotations
of the magnet—see Fig. 6—and, thus, an effective ac field
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Figure 4: Power dependence of the magnetization jump at the
fundamental frequency of SAW, f = f0, [panel (a)] and the
third SAW harmonic, f = 3f0 [panel (b)]. The power of SAW
can be cast as PSAW = Pout ·
[
10S11(non-res)/10 − 10S11(res)/10
]
,
with Pout = 10L[dB]/10 mW being the power at the output of
the generator. Here, L is the decibel level of the output power,
and S11(res) and S11(non-res) denote the values in decibels of
the reflection coefficient S11 at the resonant frequency and
out of the resonance range, respectively. The size of the data
points is bigger than the experimental error bars.
h = Ω/γ in the frame of the magnet. Here γ denotes the
gyromagnetic ratio, Ω = 12∇× u˙ is the angular velocity,
and u is the displacement field. Only transverse displace-
ments satisfying the condition∇·u = 0 contribute to the
mechanical rotation of the magnet. Transverse displace-
ments from the source sending the SAW along the X-axis
are given by28
ux = κta cos(kx−ωt)eκtz, uz = ka sin(kx−ωt)eκtz (2)
where a is related to the amplitude of the SAW and ω =
ctkξ is the SAW frequency, with ξ being a constant of
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Figure 5: Isothermal (T = 20 K) magnetic relaxation mea-
surements from saturation (H = 5 kOe) toH = −50 Oe in the
presence (red dots) and the absence (black dots) of a SAW.
The size of the data points is bigger than the experimental
error bars.
MM
Figure 6: Magnetic nanoparticles undergoing torsional oscil-
lations due to surface acoustic waves. Blue arrows show the
phonon displacement field generated by SAW in the substrate.
order unity, ct being the speed of the bulk shear waves,
and κt =
√
k2 − ω2/c2t . In Eqs. (2) we have assumed
that the substrate occupies the region z ≤ 0.
The angle of the local twist of the solid due to the
SAW is φ = 12∇ × u.28 At the origin of the coordinate
frame Eq. (2) gives φx = 0, φy = −k2aξ2 cos(ωt), φz = 0.
The angular velocity is Ω = φ˙, so that the effective ac
magnetic field, h = Ω/γ, felt by the nanomagnet at
the origin is given by hx = 0, hy = h0 sin(ωt), hz = 0,
with h0 = ωk2aξ2/γ. We now notice that ka = u0,
where u0 denotes the amplitude of the vertical displace-
ment of the surface due to the SAW, and therefore
h0 = γ
−1ωku0ξ2 = ξω2u0/(γct). In the actual experi-
mental conditions, the amplitude u0 lies in the ballpark
of a few nanometers,29 which is 10−4 of the wavelength
λ = ct/f = 10 µm. Given the values ξ ∼ 1, γ = 1.76×107
s−1Oe−1, ct = 1.1 · 105 cm/s, f = ω/(2pi) = 111 MHz
and u0 = 4 nm one obtains h0 ∼ 0.1 Oe for the effective
magnetic field —this value increases up to 0.3 Oe for the
third harmonic case. Since an ac magnetic field of this
amplitude can strongly affect the magnetic relaxation,30
this illustrates the importance of the spin-rotation mech-
anism.
The power of the effective ac magnetic field of ampli-
tude h0 and frequency ω absorbed per particle of volume
V at a temperature T is given by31
P (V, T, f) = pizpfh
2
0χ
′′(V, T, f) ∝ f2χ′′(V, T, f)PSAW,
(3)
where zp ∼ λ ∝ 1/f is the penetration depth of the SAW
into the layer of deposited NPs of thickness exceeding
zp, which was the case in the experiment. Here we have
used the fact that the power of the SAW, PSAW, scales
as f2u20. As one turns the power on, the enhanced super-
paramagnetic transitions due to the SAW create a jump
in the magnetization,
∆M ∝
∫
dV F (V )P (V ) ∝ f2PSAWχ′′tot(T, f), (4)
where F (V ) is the volume distribution function satisfying∫
F (V )dV = 1 and χ′′tot(T, f) =
∫
dV F (V )χ′′(V, T, f)
is the imaginary part of the total susceptibility of the
system of NPs.
One characteristic feature of the spin-rotation mech-
anism is strong frequency dependence of the effect. It
can be traced to the spin-rotation origin of the effec-
tive field, h = Ω/γ, with Ω being the time derivative
of φ = 12∇× u.
V. ANALYSIS OF THE DATA
Volume distribution of NPs, g(V ), can be obtained
from the measured ZFC curve by fitting a Curie-Weiss
model for ferromagnetism based on thermal activation of
the anisotropy energy barriers,32
g(V ) =
2K
αM2sH
1
V 2
d
dT
(TmZFC)
[
KV/kBα
]
, (5)
where α = ln[tmeas/τ0] and tmeas ' 10 s represents the
measurement time at constant T . In what follows we
have taken the values τ0 ∼ 10−9 s, H = 100 Oe and
Ms = 82 emu/g, K = 3 ·105 erg/cm3 for bulk magnetite.
Fig. 1 implies small number of NPs with diameters bigger
than 2R = 43 nm. The cut-off of the volume distribution
is even sharper, so that we can safely assume that NPs
of volume bigger than V > Vmax = 4pi3 R
3 ∼ 4.1 · 10−17
cm3 do not contribute to the observed effects. On the
other hand, the distribution (5) diverges asymptotically
as 1/V 1.86 in the limit V → 0. Therefore, another cut-off
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Figure 7: Volume distribution of NPs obtained from ZFC
measurements. (Inset) ZFC magnetization curve simulated
from the plotted volume distribution (red line) and experi-
mental data (black dots), both at H = 100 Oe.
must be imposed on the smallest volume possible, Vmin =
5.92 · 10−22 cm−3, which corresponds to the magnetite
unit cell.33
Fig. 7 depicts the volume distribution of NPs in our
sample. The inset shows the corresponding simulated
ZFC magnetization curve along with the experimental
data. Their superimposition determines that both the
Curie-Weiss model and our choice of cut-offs capture
the essential features of the distribution of magnetite
nanoparticles. Integration of g(V ) over all volumes yields
the estimate N = 9.52 ·1015 for the total number of NPs,
and therefore the expression F (V ) = g(V )/N for the
normalized volume distribution.
Calculation of the thermal dependence of the function
f2χ′′tot(T, f) is depicted in Fig. 8. We observe its mono-
tonic decrease with temperature at both fundamental fre-
quency and third harmonic, which agrees well with the
trend shown by the slopes of the magnetization jumps—
as a function of the SAW power—in Fig. 4. Direct
comparison between theory and experiment can be made
through the ratios ∆M [T ]
/
∆M [7.5 K] at a fixed power,
where the unessential prefactors of Eq. (4) cancel. Fig.
9 shows the experimental and theoretical values of these
ratios and, except for a numerical factor, both of them
show the same monotonic decreasing dependence.
VI. DISCUSSION
We have demonstrated experimentally that surface
acoustic waves accelerate transitions between magnetic
states of magnetite nanoparticles. Accurate monitoring
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Figure 8: Temperature dependence of the prefactor
f2χ′′tot(T, f) in Eq. (4) at the fundamental frequency of SAW,
f = f0, (orange line) and the third SAW harmonic, f = 3f0
(blue line).
of the temperature of the sample rules out thermal ef-
fects of SAWs that would have accelerated superpara-
magnetic transitions if the sample were heated. It was
previously suggested1–5 that magnetostriction due to a
SAW can assist magnetization switching in a ferromag-
netic layer. It manifests itself in the effect of the tensile
stress—compression and/or expansion—on the magnetic
anisotropy tensor. If the stress changes the direction of
the easy magnetization axis, the magnetic moment re-
laxes towards the new direction. In a thin layer the ten-
sile stress generated by the SAW acts on the entire layer
and it can be strong in materials with large magnetostric-
tion. To achieve strong magnetoelastic coupling between
magnetic moments of nanoparticles and the SAW in the
piezoelectric substrate, the authors of Ref. 7 grew litho-
graphically flat Co disks on a piezoelectric substrate. In
that case the effect of the magnetostriction on the magne-
tization should be as strong as in a thin Co film deposited
on a piezoelectric substrate.
The Einstein–de Haas mechanism of the magnetization
reversal by SAWs suggested in this paper comes from the
shear deformation of the substrate and the resulting ro-
tation of the particle as a whole when its size is small
compared to the SAW wavelength. It scales linearly with
the angular velocity that, in turn, scales as a square of
the SAW frequency and linearly with the SAW ampli-
tude. We have shown that the Einstein–de Haas effect
is important for SAW frequencies in excess of 100 MHz.
At f = 3.5 MHz used in Ref. 7 it can be safely ne-
glected. While it is possible that magnetostriction also
contributes to the effect observed in our experiment, this
contribution is hard to estimate for magnetite particles
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Figure 9: Experimental (black) and theoretical (red) ther-
mal dependences of the ratios ∆M [T ]
/
∆M [7.5 K] (at a fixed
SAW power) at the first [panel (a)] and third [panel (b)] har-
monic.
with weak magnetoelastic coupling, touching the sub-
strate at random points. It is obvious, however, that
it must be small compared to the effect in flat magnetic
islands of materials with high magnetoelastic constants,
such as Co, grown on a piezoelectric substrate with the
purpose to maximize the effect of magnetostriction.7 On
the contrary, the novel mechanism suggested by us, that
contributes dominantly at high frequencies, should defi-
nitely accomplish the purpose.
The beauty of the Einstein–de Haas mechanism is that
the estimate of its strength does not require any knowl-
edge of the parameters of the particles. Instead, it is
determined by the angular velocity of the rotation of
the substrate—due to the SAW—at the position of the
nanoparticle, which depends on the parameters of the
SAW but not on the parameters of the nanoparticle.
When the frequency of the SAW is above 100 MHz and its
amplitude is in the ballpark of 0.01% of the wavelength—
which has been realized in our experiment—, the effective
ac magnetic field in the coordinate frame of the particle
exceeds 0.1 Oe. It is well known that such ac fields are
sufficient to reverse magnetic moments through consecu-
tive absorption of photons of spin 1, see Ref. 24 of the
manuscript and references therein. In our case the sur-
face phonons get consecutively absorbed by the magnetic
moment, not the photons. Notice that this mechanism
has nothing to do with the reversal of the magnetic mo-
ment by the dc magnetic field that exceeds the magnetic
anisotropy field; the required amplitude of the ac field is
very small compared to the anisotropy field.
By relating the effect of SAWs to the effect of an ac
magnetic field we have been able to reproduce the ex-
perimental dependences on the power and the frequency
of the SAW, as well as on temperature. Notice that
there are no existing models based upon magnetostrictive
effects capable of reproducing our experimental results.
Our observation opens the way of manipulating magnetic
moments of nanoparticles by SAWs. The advantage of
this method, vs manipulating magnetic moments by the
ac magnetic field, is the five orders of magnitude small-
ness of the wavelength of the SAW as compared to the
wavelength of the electromagnetic radiation of the same
frequency. This could, in principle, open the way of indi-
vidual manipulation of densely packed nanoparticles by
SAWs.
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